Abstract A new method to decoupling of bacterial interactions measured by atomic force microscopy (AFM) into specific and nonspecific components is proposed. The new method is based on computing the areas under the approach and retraction curves. To test the efficacy of the new method, AFM was used to probe the repulsion and adhesion energies present between Listeria monocytogenes cells cultured at five pH values (5, 6, 7, 8, and 9) and silicon nitride (Si 3 N 4 ). Overall adhesion energy was then decoupled into its specific and nonspecific components using the new method as well as using Poisson statistical approach. Poisson statistical method represents the most commonly used approach to decouple bacterial interactions into their components. For all pH conditions investigated, specific energies dominated the adhesion, and a transition in adhesion and repulsion energies for cells cultured at pH 7 was observed. When compared, the differences in the specific and nonspecific energies obtained using Poisson analysis and the new method were on average 2.2 % and 6.7 %, respectively. The relatively close energies obtained using the two approaches demonstrate the efficacy of the new method as an alternative way to decouple adhesion energies into their specific and nonspecific components.
Introduction
Bacteria are dependent on substratum attachment for optimal growth and development [1] . Once on a surface, bacterial cells establish their initial attachment via a combination of specific and nonspecific energies [2] in a two-step process [3] . The first step is called the docking stage and represents the initial nonspecific reversible unicellular attachment to a surface. This step is dominated by long-range interactions (>50 nm) such as dispersion, van der Waals, electrostatic, and Lewis acid-base hydrophobic interactions [2, 3] . These interactions are affected by physiochemical properties of bacterial cells and substrates such as wettability, roughness, and charge [4] [5] [6] [7] . In addition, the pH and ionic strength of the medium in which bacterial interactions are taking place are important to consider [3] . In the literature, these interactions are generally quantified using one form or another of the Derjaguin-Landau-VerweyOverbeek (DLVO) theory of colloidal stability [8] [9] [10] [11] .
Once a bacterial cell is in close proximity to a surface of interest, specific interactions come into play in the locking stage [2] . These specific interactions are irreversible shortrange (<1 nm) interactions and can be categorized as (1) chemical interactions such as dipole-dipole interactions, dipole-induced dipole interactions, ion-dipole interactions, and hydrogen bonding [3] and/or (2) biological ligandreceptor energies. Biopolymeric molecules present on the bacterial surface, such as pili, proteins, fimbriae, lipopolysaccharides, and capsular polysaccharides, are thought to play a role in mediating the specific energies [4] . From a thermodynamic perspective, bacterial adhesion to surfaces can be promoted by minimizing the Gibbs free energy [3] . In order to understand the mechanisms involved in bacterial adhesion to surfaces, it is of great importance to not only measure the overall strength of bacterial adhesion but to, as well, decouple these interactions into their specific and nonspecific components.
Atomic force microscopy (AFM) has been extensively used to quantify the overall strengths of bacterial adhesion to a variety of model inert surfaces [12] . Although such studies are interesting, the types of energies that dominate the bacterial adhesion process remain elusive. Decoupling of the overall AFM adhesion interactions into specific and nonspecific components thus can lead to fundamental understanding of how to control the adhesion process. Traditionally, decoupling of the overall adhesion into specific and nonspecific components was largely done by applying statistical analysis methods, such as Poisson analysis [13, 14] or Weibull analysis [15] to the AFM measured adhesion data. Decoupling of bacterial adhesion using statistical analyses relies on two assumptions. First, the overall adhesion develops as the sum of discrete bond interactions and second these bonds form randomly and all have similar forces or energies [16] . In addition, it requires the sampling of many adhesion events [17] to account for the heterogeneous nature of the bacterial surface [18] . Even when many adhesion events are collected, statistical functions may sometimes prove incapable of describing the adhesion data, in which case, overall adhesion cannot be easily decoupled into its components with statistically based methods.
In this study, motivated by the difficulties underlying the application of statistical analyses to decouple the overall adhesion strength into its specific and nonspecific components, we propose an alternative approach. In our methodology, the area under the approach force-distance curve is assumed to represent the nonspecific repulsive energies measured between the AFM tip and the bacterial surface. In comparison, the area under the retraction force-distance curve is assumed to represent the overall specific and nonspecific components of the adhesion energy. The difference between the absolute magnitudes of the two areas will thus represent the specific adhesion energies.
Our new approach was applied to adhesion measurements collected between the pathogenic Listeria monocytogenes EGDe strain grown at five different pH conditions of growth and Si 3 N 4 under water. L. monocytogenes are food-borne opportunistic pathogens responsible for a wide range of clinical diseases including meningitis and septicemia [19] . Several outbreaks of food-borne disease cases as well as massive food product recalls have been recorded worldwide due to the consumption of food contaminated with L. monocytogenes [20] . The ability of this bacterium to grow in diverse environmental conditions, for instance low pH [21] , along with its capability to adhere to inert surfaces and persist in industrial environments, make its presence in food processing plants a major concern [22] . The attached cells to inert surfaces eventually form a reservoir for re-or cross-contamination of the food products throughout the food processing chain [23] , hence, it only takes a few cells to affect product safety and cause food poisoning [21] . Understanding the types of energies that govern initial bacterial adhesion to surfaces is thus crucial in optimizing and designing the environmental conditions and surface coatings under which bacterial adhesion can be minimized or prevented.
Materials and methods
Bacterial cultures Pathogenic L. monocytogenes EGDe was obtained from Prof. Mark Lawrence, an associate professor at the Department of Basic Sciences, the College of Veterinary Medicine at Mississippi State University. Among the highly pathogenic L. monocytogenes strains, EGDe was chosen as our model strain because it has a fully sequenced and annotated genome [24] . The strain was activated by growing for 12 h at 37°C in a temperature controlled shaker rotating at a 150 rpm in brain heart infusion broth (BHIB). Following activation, 1 % of the activated culture was transferred into 20 ml of BHIB adjusted to different pH values (5, 6, 7, 8 , and 9) using 2 N HCl or 2 N NaOH. The pH range investigated herein was chosen to mimic the acidity of the environments encountered by L. monocytogenes in vitro [25] . The optical density was recorded every hour at a wavelength of 600 nm to obtain complete growth curves of cells. Cells for each tested pH value were cultured in three replicates to ensure reproducibility. Cells were harvested at the late exponential phase of growth.
Atomic force microscopy (AFM) experiments Bacterial cells were attached to gelatin-coated mica disks according to previously published protocols [26] . All AFM experiments were performed with a PicoForceTM scanning probe microscope with Nanoscope IIIa controller and extender module (Bruker AXS Inc., Santa Barbara, CA). Si 3 N 4 cantilevers (DNP-S, Bruker AXS Inc., Santa Barbara, CA) were used in all experiments. The force constant of each cantilever was determined prior to experiments and was found to be 0.07±0.01 N/m (n=5) on average [27] . Force measurements were performed on 15 locations on each cell for 15 cells from three different cultures. For further details on parameters used in measuring bacterial adhesion energies, please see supplementary materials.
Analysis of AFM retraction and approach curves for adhesion and repulsion energies, respectively Retraction curves were considered individually because of the complex and heterogeneous nature of the interactions observed between the bacterial surface biopolymers and the AFM Si 3 N 4 cantilever [12, 28, 29] . Bacterial adhesion was quantified in terms of adhesion energy measured upon retraction of the AFM cantilever from the bacterial surface (E r ). For each retraction curve, the adhesion energy was computed as the area under the retraction force-distance curve with the baseline taken at zero force (Fig. 1a) . In general, force and energy are correlated such as [30] :
where F is the pull-off force, h is the tip-sample separation distance, and h 1 and h 2 are the first and last distance points at which the retraction curve crosses the zero force axis (Fig. 1a) . The integral in Eq. 1 was evaluated as described previously [31] . Representative retraction curves for all investigated pH conditions are provided in Figure S1 -A in the supplementary materials. Similarly, the area under the approach force-distance curve was calculated to obtain the repulsion energy measured upon approach of the AFM cantilever to the bacterial surface (E a ) (Fig. 1b) . The repulsive energy can be calculated using trapezoidal rule as [32] :
Where b F is the repulsive force measured between the AFM cantilever and the sample upon approach, and h is the tip-sample separation distance. In Eq. 2, h 3 and h 4 were taken as the distance points at which the approach curve crosses the zero force and zero separation distance axes, respectively (Fig. 1b) , and n was equal to the number of data points collected per approach curve in the integral interval and varied from one curve to another. In computing the integral in Eq. 2, a uniform grid was used. Representative force-distance approach curves for all investigated pH conditions of growth are shown in Figure S1 -B in the supplementary materials.
In evaluating the adhesion energy, note that the pulloff forces used in Eq. 1 are negative while the distances are positive. Equation 1 will result in positive adhesion energies due to the presence of a negative sign in front of the equation. In comparison, repulsion energies measured upon approach will be negative due to the positive forces and positive distances used in Eq. 2. In this manuscript, positive energies are attractive and negative energies are repulsive.
Poisson statistical analysis of adhesion energies quantified between bacterial surface biopolymers and silicon nitride in water The overall cellular adhesion force measured using AFM can be decoupled into specific and nonspecific forces using a Poisson statistical analysis method developed originally by Beebe et al. [13] . Beebe et al. have utilized the fact that only van der Waals interactions can present between a gold-coated tip and a gold-coated surface and that only hydrogen bonds can be available between a bare silicon nitride tip and a mica surface to develop a statistical method that utilizes Poisson dynamic peak probability function to decouple AFM data into specific forces (hydrogen bonds) and nonspecific forces (electrostatic and van der Waals forces) [17] . Later on, Chen et al. applied the Poisson statistical analysis to adhesion energy data measured between bacteria and surfaces using AFM [33] . The application of Poisson analysis to decouple bacterial adhesion forces into their main components requires two assumptions [13] . First, the adhesion force (F) develops as the sum of discrete bond interactions, and second, these bonds form randomly and all have similar forces (F i ) [16] . A sampling of many of these events produces a mean measured adhesion force (μ F ). However, since applying Poisson statistical analysis to the bacterial adhesion force data involves the tedious task of identifying the magnitudes of many adhesion peaks registered in the AFM retraction force-distance curves, a new, simpler way of utilizing Poisson analysis to investigate the interactions that dominate bacterial adhesion to surfaces was proposed by Chen et al. [33] . In their method, the Poisson analysis was applied to bacterial adhesion energies (E). The adhesion energies represented the free energy required to detach a bacterium from a substratum surface [33] . Adhesion energy can be calculated as the area under the retraction force-distance curve (Eq. 1, Fig. 1a ). The assumptions required to apply Poisson analysis to the adhesion forces are assumed to be valid for applying the Poisson analysis to the adhesion energy data [33] , i.e., (1) develops as the sum of discrete bond-rapture energies and (2) these bonds form randomly and all have similar bond energy values (E i ). For the purposes of Poisson analysis of the adhesion data, each retraction force-distance curve represents an independent bacterial detachment event from the inert surface. Applying Poisson analysis to the adhesion energy data has several advantages over that of applying the analysis to the adhesion forces. First, calculating the area under the retraction force-distance curve can be easily automated. Second, the area computed is independent of user choices. Third, it is known that the long-range components of adhesion forces or energies decay with distance, therefore it is more reasonable to assume that the long-range energy is invariant among the different force-distance retraction curves than to assume that the long-range force to be constant among the different individual adhesion peaks [33] . Applying Poisson analysis to the adhesion energy data has also its disadvantages. First, applying the method requires the collection of a larger number of retraction curves compared with when forces are being analyzed by the Poisson analysis [33] . Second, the adhesion energies represent the mean of the adhesion interactions and thus can mask interesting data that result from individual events.
Applying Poisson statistical distribution to adhesion energy data requires first the distribution of adhesion energy data to be well fit by the Poisson distribution function [34] :
In Eq. 1, P(n; μ E ) is the probability of observing a certain magnitude of adhesion energies, n represents the various magnitudes of adhesion energies and/or various numbers of bonds formed, the probability of which is given by the function described by Eq. 3, and μ E is the mean measured adhesion energy. Note that n is an integer number. To obtain μ E, a sampling of many of adhesion energy events is required. The adhesion energy (E) is related to the number of bonds ruptured during the complete cell detachment event by:
where E i represents specific bond rupture energy. However, since the only specific energy available in our system is hydrogen bond energy, then E i represent the strength of hydrogen bonds between bacterial biopolymers and silicon nitride in water. If the Poisson probability function was able to fit the distribution of adhesion energies measured between the bacterial surface biopolymers and Si 3 N 4 ( Fig. 2) , then one can take advantage of the fact that the mean and the variance of the data will be the equal (μ E = σ E 2 ) to derive the following equations [13, 17] :
When nonspecific attractive or repulsive, long-range interaction energies are taken into account with an additional parameter (E o ), Eqs. 5and 6 become:
As can be seen from Eq. 8, a linear regression of the data that result from plotting of the variance of the adhesion energy (σ E 2 ) versus the mean of the adhesion energy (μ E ) can be used to obtain E i from the slope of the line and E o from the intercept of the line (−E i E o ) (Fig. 3a) . For our measurements, σ E 2 and μ E were taken as the variance and the mean of the adhesion energy data obtained for all retraction curves measured on each cell investigated. Ten cells were probed in the current study. For the rationale behind using Poisson method to decouple the specific and nonspecific energies measured by AFM as well as the physical meaning of the equations above, please refer to the supplementary methods.
Decoupling of the overall adhesion energy into specific and nonspecific components using the new method Specific and nonspecific adhesion energies were estimated using a new methodology. According to our new methodology, we have five assumptions. These are:
1. The area under the approach curve represents the nonspecific repulsive energies to be overcome by bacteria to attach to a given surface which is Si 3 N 4 in our case. These nonspecific interactions are distance-dependent and play major roles in controlling adhesion at long distances [35] . In fact, repulsive energies are detected as soon as the cantilever senses a biomolecule on the bacterial surface and does not require actual contact with bacterial surface. As such, these energies are only nonspecific. Nonspecific energies can be DLVO, steric, acid-base, as well as energies required to cause conformational changes of some of the bacterial surface biomolecules [36] [37] [38] [39] . 2. In comparison, the area under the retraction curve represents the sum of all adhesive specific and nonspecific energies actually present between the bacterial cell and Si 3 N 4 . Note that detaching the cantilever from the bacterial surface requires supplementing the system with enough energy to overcome both specific and nonspecific components of the adhesion energy [33] . Specific energies may be hydrogen bonds of which some can be used to stretch bacterial surface biomolecules or cause conformational changes in them and can be ligand-receptor type interactions in other systems [5, 17] . We have shown previously that our applied forces on the cantilever are sufficient to indent only ∼30 % in the bacterial biopolymer brush (∼300 nm thick) [16] . As such, forces involved in cell deformation are not accounted for in our discussion of overall forces acting on the system. The attractive energies measured under the retraction curve (Fig. 1a) always operate at longer or equal distances to the repulsive forces measured under the approach curves (Fig. 1b) . This is to be expected as repulsive energies are often registered without the need of the cantilever to touch the bacterial surface or its biomolecules. As such, repulsive energies reflect interactions with biomolecules on the bacterial surface in their native and stable three dimensional conformations. The distance at which repulsive forces are measured (150 nm in Fig. 1b) is directly proportional to the length of the bacterial surface biopolymer brush. In comparison, attractive energies reflect the fact that the cantilever was in contact with the bacterial biopolymer brush and now will withdraw from that surface. Depending on the force applied by the cantilever on the bacterial biopolymer brush, biomolecules can be stretched before falling from the cantilever. The distances to which these molecules can be stretched depend on the location at which the cantilever meet the biopolymer and the composition of the biopolymer at that location as well as on how much energy is required to stretch the biomolecules. The composition of the biomolecule at which cantilever interacts with it determines if the energy measured at that point is specific or nonspecific in nature. Most often, these energies are specific as the cantilever is in contact with the biomolecule (<1 nm distance). Such distance is in agreement with distances at which specific energies are observed. 3. Since nonspecific energies are ascribed to the overall macroscopic surface characteristics at long distances (>50 nm) where the interacting substrata cannot distinguish the individual molecules on the bacterial surface [40] , they should be conserved upon the approach of the cantilever to the bacterial surface and retraction of the cantilever from the bacterial surface. In order to contact the surface, the cantilever must gain enough energy that is equivalent to that required to overcome the repulsive energy present between the cantilever and the surface often referred to as the energy barrier to adhesion. According to the first law of thermodynamics, energy should be conserved [41] . As such, when the cantilever withdraws from the bacterial surface, at some point when it drops all bacterial surface biomolecules interacting with it from its surface, it has to provide the same energy gained while approaching the surface. Similarly, the energy gained by the cantilever when it contacts the bacterial surface biomolecules (specific energy) should be released when the biomolecules drop from the cantilever. This is why we consider adhesion force to be equivalent to the pull-off force measured by AFM. By accepting the fact that energies should be balanced in a system, we assumed that repulsive energies are conserved between approach and retraction curves and can be subtracted from the overall adhesion energy measured for the system. This assumption is only valid for elastic surfaces in contact with the cantilever. When surfaces are plastic, the methodology proposed will not be valid. 4. In comparison, specific energies represent the state at which the cantilever is in molecular contact with bacterial surface biopolymers (<1 nm). These energies represent, in our system, hydrogen bonds that result from molecularly mediated binding interactions between specific adhesins on a bacterial surface site and silanol groups on the Si 3 N 4 surface [17] . These interactions can contribute largely to interactions required to stretch biomolecules on bacterial surface. Therefore, since the magnitude of the nonspecific repulsion energy is already known from modeling of the area under approach curves, the nonspecific adhesion energy will be equal to that in magnitude and opposite in sign. Based on that, the difference between the absolute areas measured under the retraction and approach curves will be equivalent to the specific adhesion energy component. Since Poisson statistical model ability to decouple the overall adhesion interactions into specific and nonspecific components has been validated in the literature for a wide variety of systems [13, 14, 17, 42, 43] , it will be used here to demonstrate the efficacy of our new proposed approach. , versus the mean, μ E , of the adhesion energies measured between L. monocytogenes cells cultured at pH 7 and Si 3 N 4 in water. Each point represents the variance and the mean of all adhesion energies quantified from retraction force-distance curves collected on one cell. The solid line represents the linear regression fit to the data and was used to obtain the specific and nonspecific components of the adhesion energies (Table 1 Table S1 in the supplementary materials. b A scatter graph that shows the specific and nonspecific energy components predicted using Poisson statistical analysis of the adhesion energies as a function of the pH of the bacterial growth media
Colorimetric measurements of the total concentrations of proteins and carbohydrates of L. monocytogenes EGDe cells Bacterial cells cultured at the pH of interest were harvested at the late exponential phase of growth and washed twice by centrifugation at 5,525×g for 10 min each round. The collected bacterial pellet was then diluted with 0.2 μm filtered DI water to make a suspension with an optical density of ∼0.5 at a wavelength of 600 nm. The bacterial suspension of interest was then assayed via the standard colorimetric Lowry assay to determine the total concentration of bacterial proteins [44] . Bovine serum albumin was used as the protein standard. Similarly, the concentration of bacterial carbohydrates was obtained for the bacterial suspension of interest via the standard colorimetric anthrone assay [45] . Glucose was used as the carbohydrate standard. Triplicates of measurements were performed and averaged for all samples investigated. were applied to the data to determine if adhesion energies were different for variable pH conditions of growth.
Statistical description of AFM data

Results and discussion
Distributions of the adhesion and repulsion energies as a function of the pH of the bacterial growth media As can be seen from Fig. 2 and Table 1 , both repulsion and adhesion energies measured between the surface biopolymers of L. monocytogenes EGDe cultured at five different pH values and Si 3 N 4 in water spanned a wide range under all investigated pH conditions of growth. Observing a range of adhesion energy data for AFM measurements is common in the literature and can be attributed to the heterogeneity of the bacterial surface biopolymers [28, 29] . To describe the heterogeneity in the distributions of the repulsion energy data, the mean, standard error of mean, median, and range of these distributions are provided in Table 1 . In addition, the lognormal dynamic peak function with three fitting parameters was used to fit the repulsion energy data (gray-filled histograms in Fig. 2) [46]. Similarly, Poisson statistical model In addition, a summary of the specific and nonspecific energy components predicted from Poisson statistical analysis of the adhesion energies is provided. Finally, the concentrations of the total proteins and carbohydrates of L. monocytogenes EGDe as a function of the pH of growth media are given (Eq. 1 in the supplementary materials) was fit to the adhesion energy data (white-filled histograms in Fig. 2 ). Both models were able to describe the energy distributions very well. Compared with all pH conditions of growth, repulsion, and adhesion energies collected for cells grown in pH 7 were the most heterogeneous ( Fig. 2 and standard errors of mean in Table 1 ). Consistent with this heterogeneity, our colorimetric measurements showed that the total bacterial cells carbohydrates' concentration was the highest for cells cultured in media with pH 7 compared with cells cultured in media adjusted to higher or lower pH values (Table 1) . Cells varied as well in their proteins' concentrations (Table 1) . It has to be noted here that the cell wall of L. monocytogenes EGDe is highly heterogeneous and is primarily composed of peptidoglycans and proteins [24] . When the banding profiles of the surface proteins of L. monocytogenes EGDe cells cultured at pH 5 and 7 were compared, more bands were found for cells cultured at pH 7 compared with those cultured at pH 5 [47] . A second study indicated that pre-exposure of L. monocytogenes to an acidic pH of 5.1 resulted in a significant decrease in the phospholipase C type A (plcA) gene transcript, encoding a phospholipase C involved in vacuolar escape and cell-to-cell spread [48] . The genetic studies above indicate L. monocytogenes vary the composition of their surface proteins in response to pH stresses.
Strength of the adhesion and repulsion energies as a function of the pH of bacterial growth media Both the log-normal and the Poisson models predicted a transition in the most probable repulsion and adhesion energies for cells cultured at pH 7 (Fig. 2f) . The mean values of the repulsion and adhesion energies respectively were 47 % and 49 % higher on average for cells grown in pH 7 compared with all other pH conditions of growth investigated (Table 1) . Median adhesion and repulsion energies measured for cells cultured at pH 7 were statistically higher than those measured for cells cultured at other pH conditions of growth (P≤0.007, Dunn's test). When compared, magnitudes of adhesion energies were on average 60 % larger than magnitudes of repulsion energies for all investigated pH conditions of growth (Table 1, Fig. 2f ). This is expected since repulsion energies represent the nonspecific energies while the adhesion energies represent the sum of both nonspecific and specific energies [49] .
The higher adhesion and repulsion energies observed for cells cultured at pH 7 can be attributed largely to the composition and conformation of the bacterial surface molecules at that condition. First, we have observed that L. monocytogenes cells cultured in media with pH 7 have 50 % and 88 % higher concentration of carbohydrates compared with cells cultured in acidic or basic conditions of growth, respectively (Table 1) . This agrees well with our knowledge of the cell wall composition of L. monocytogenes which contains two secondary polyanionic electronegative carbohydrate-containing polymers in addition to proteins and peptidoglycans. These are the wall teichoic acids (WTAs) which are covalently bound to peptidoglycan and the lipoteichoic acids (LTAs) which are impeded into the plasmic membrane by a diacylglycerolipid [24] . Literature studies have indicated that WTAs and LTAs play major roles in supporting bacterial cell structure, adherence, and virulence as they represent long polymers threading through the layers of peptidoglycans and can account for over 60 % of the mass of the Gram-positive bacteria cell wall [50] .
Similarly, the higher concentration of carbohydrates for cells cultured in pH 7 is expected to contribute to the higher repulsion energies observed for those cells. Note that the acidic WTAs and LTAs are negatively charged as well as the Si 3 N 4 cantilever is negatively charged [36] . Therefore, repulsion energies are to be expected between the two. In addition, since the WTAs and LTAs represent the longer molecules observed on the bacterial surface, they will lead to the long-range repulsion energies observed in our study.
Decoupling of adhesion energies into specific and nonspecific components The overall adhesion energies measured by AFM were decoupled into their specific and nonspecific adhesion energy components at each pH condition of growth investigated using Poisson statistical approach and our new proposed methodology. First, for all investigated pH conditions of growth, Poisson modeling of adhesion data indicated that specific energies were 36 % higher than the nonspecific energies, dominating the interactions between L. monocytogenes and Si 3 N 4 in water (Table 1, Fig. 3b ). The highest specific and nonspecific interaction energies were obtained for cells cultured at pH 7 ( Fig. 3b) and displayed the same trend observed for the adhesion energies measured using AFM (Fig. 2f) . Note that specific and nonspecific energies were positive indicating attractive energies. Similarly, specific energies estimated using our new methodology were 35 % higher than nonspecific energies for all investigated pH conditions of growth (Table 1) .
In our bacteria-Si 3 N 4 -water system, nonspecific energies refer mainly to DLVO-based energies resulting from the sum of electrostatic repulsive energies and van der Waals energies as well as acid-base interactive energies [40] while specific energies refer to hydrogen bonds [14] . LTAs and WTAs in the cell wall of L. monocytogenes EGDe strain are composed of repeating polyribitol-phosphate (RboP) units containing the carbohydrate components rhamnose (Rha) and Ν-acetylglycosamine (GlcNAc) [51] . Thereby, hydrogen bonds in our system can arise between silanols (SiH 3 -OH) forming on the Si 3 N 4 surface in water [17] and the hydroxyl groups of the polyribitol-phosphate (RboP) units of WTAs. The strengths of the hydrogen bonds increase as the electronegativity of the WTAs and LTAs increase. This is mainly because negatively charged polymers will repel each other and extend far apart exposing more hydrogen binding sites to the AFM cantilever. Therefore, the higher specific adhesion energies obtained for cells cultured at pH 7 compared with other pH conditions of growth can be attributed mainly to the higher concentration of carbohydrates on the cell surface offering more hydrogen binding sites to Si 3 N 4 .
Irrespective of the pH of the growth media, the specific adhesion energies represented by hydrogen bonds dominated the overall adhesion energies quantified between the cantilever and bacterial surface. This is can be in part explained by the ability of bacterial cells to form hydrogen bonds due to the presence of a high concentration of carbohydrates on their surfaces. Hydrogen bond energies are generally stronger than DLVO energies [33] . Our results suggest that controlling L. monocytogenes EGDe adhesion to surface can be done by reducing the strength of hydrogen bonding. An example on doing that is to coat the inert surface with thin polymer films that can mask the hydrogen donor groups on these surfaces and hence reduce bacterial adhesion [52] .
Nonspecific repulsive energies can also be used to design methods to control bacterial adhesion. The higher the nonspecific energies are, the higher the energy expenditure required for the bacterial cells to overcome the long-range repulsions and approach to a given substrate [53] . Therefore, by changing environmental conditions of growth, the suspending medium conditions, or the substrate electrical or hydrophobic properties, long-range repulsions can be maximized. This is particularly important for motile bacteria in stagnant or low fluid velocity environments [54] .
A comparison between specific and nonspecific adhesion energies estimated by the new method and Poisson statistical method When specific and nonspecific energies computed using the new methodology were compared with the Poisson model estimates of the two types of energies, the differences between the two methods estimates were 2.2 % and 6.7 % on average, respectively (Table 1 ). Both models' estimates of specific and nonspecific energies were linearly correlated with an intercept of zero, a slope that is very close to one and r 2 values that are higher than 0.97 (Fig. 4) . The two approaches gave values that are in good agreement with each other for both specific and nonspecific energies. This is to be expected as specific and nonspecific energies are properties of the system investigated, and their values should be constant irrespective of the method used to obtain them. This demonstrates the validity of the new approach as a method to decouple overall adhesion energies into specific and nonspecific components. Previously, we have shown that nonspecific forces determined based on Poisson modeling of the AFM adhesion forces measured between L. monocytogenes EGDe and Si 3 N 4 were very close to the nonspecific forces determined using soft-particle analysis of DLVO forces [16] .
Although we did not compute the DLVO energies in this manuscript, the results of the study above which indicated that Poisson estimates of specific and nonspecific forces are very close to DLVO estimates of these forces add to the validity of our new methodology as means of decoupling of the overall adhesion energies into its components.
Advantages and disadvantages of the new proposed method compared with Poisson approach As was discussed earlier, Poisson statistical model has been the hallmark of methods used to decouple bacterial adhesion in the literature [14, 16, 55] . This can be largely attributed to the experiments performed by Beebe et al. and validated the ability of the model to decouple overall adhesion forces measured between gold-gold and mica-silicon nitride into specific and nonspecific components with high accuracy [17] . However, despite its ability to decouple the adhesion energies into specific and nonspecific components, this approach suffers from three main shortcomings. First, the Poisson distribution function (Eq. 3) should fit the histograms of the adhesion energies (Fig. 2) prior to applying it to decouple the energies. This may not be always possible. Second, assuming that the first criterion was accomplished, a large set of data is needed to obtain enough statistical significance and confidence in the analysis. Third, the model assumes that the adhesion energy (E) develops as the sum of discrete bond-rapture energies and that these bonds form randomly and all have similar bond specific energy values (E i ). To overcome some of these shortcomings, we proposed our new methodology. In the new proposed approach, manipulation of data is minimal. The user just needs to integrate the area under the curves to get the specific and nonspecific energy components. As such, the method does not require any fitting procedures. Second, the method can be easily automated for large data sets as it is independent of user choices. Third, the method can be applied to any system of interest. Although, we have applied the new tool here for interactions between L. monocytogenes and silicon nitride which is an inert surface, the same procedure can be used to decouple interactions in other systems of interest. For example, if interactions between bacteria and biotic surfaces were measured using AFM, areas under approach and retraction curves can be calculated. The area under the approach curve will be equivalent to nonspecific energies, and the area under the retraction curve will be the sum of nonspecific and specific energies. In this particular example, specific energies will be ligand-receptor type energies and nonspecific energies will be those coming from geometric and conformational effects as well as charge effects. One of the disadvantages of the new method lies in its assumption that the nonspecific energies are constant between the approach and retraction half-cycles of the AFM measurements. This assumption may not be always valid, especially if the sample is highly plastic.
Conclusions
The overall adhesion energies measured using AFM between L. monocytogenes EGDe cells grown at five different pH conditions of growth and Si 3 N 4 in water were decoupled into their specific and nonspecific components using two approaches. These were the traditional Poisson statistical model and a new approach proposed here. Estimates of both approaches of the specific and nonspecific adhesion energies were close to each other. Both approaches showed that specific energies were higher than nonspecific energies for all pH conditions investigated and predicted a transition in the specific and nonspecific energies for cells grown at pH 7. When compared for all pH conditions of growth, cells cultured in pH 7 were characterized by the highest adhesion energies. Our results indicate that the new approach proposed here to decouple overall adhesion energy strength into specific and nonspecific energies provides an alternative, simple, and easy-to-automate approach to current statistical methods.
